Well designed tunneling green transistor may enable future VLSIs operating at 0.1V. Sub-60mV/decade characteristics have been convincingly demonstrated on 8" wafers. Large I ON at low V DD are possible according to TCAD simulations but awaits verification. V DD scaling will greatly benefit from low (effective) band gap energy, which may be provided by type II heterojunctions of Si/Ge or compound semiconductors.
shows a design that lowers the turn-on voltage of the heavily doped part of the source [1] . Fig. 6 shows the evolution of the IV of Si gFETs of this type as the pocket doping is increased [6] . Fig. 7 illustrates the concept of steep turn on at the sudden onset of the overlap of the conduction and valence bands.
Another approach is to use a very steep source doping profile to minimize the size of the low doping part of the source (but not the Poisson averaging effect). Fig. 8 shows that sub-60mV/decade average SS is achieved over six orders of magnitude of current with a device similar to Fig. 3 but fabricated on Si SOI substrate with a Ge source [7] . After gate and drain formation, the source region was etched and refilled with insitu doped poly-Ge at low temperature. Fig. 9 shows yet another gFET design that produces steep turn on/off. The graded source region is minimized with dopant segregation from NiSi and a thin semiconductor pocket is created between the gate dielectric and underlying NiSi [8] . The vertical electric field is enhanced in the thin pocket to further reduce the source edge effect. The measured 46 mV/decade SS could only be reproduced by simulation when a semiconductor pocket is present as shown is Fig. 9 . Fig. 10 shows the X-SEM images of the device with a wedge-shaped pocket between the silicide and the gate dielectric. This geometry is produced by recessing the source before the salicide steps. A control device without the pocket was also fabricated for comparison. Fig. 11 shows the measured I D -V G characteristics of the gFET vs. the control device. The minimum SS of the gFET is 46mV/dec. Another lot successfully reproduced the result two months later with 47mV/dec SS. As seen in Fig. 12 , the gFET shows sub-60mV/dec SS over 3 decades of drain current. Special care must be taken to screen out low SS data due to various causes (Fig. 14) . Statistical distributions of swing show that more than 30% of the gFETs on an 8" wafer have sub-60mV/dec SS ( Deposited insitu doped Ge source gFET produced sub-60mV/dec. average SS measured over 6 orders of current [7] . Fig. 9 . Another design achieves less than 60mV/dec. swing with a semiconductor pocket between oxide and metal (NiSi) [8] . 
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Prospects of Large I ON at 0.1V V DD Simulations show that V DD can be scaled by reducing E g (Fig. 17) . Only E g was reduced in simulation, not any other tunneling parameters [1] . At E g =0.36eV I ON exceeds 1mA/µm at V DD =0.2V with CV/I=0.4pS and can operate well at 0.1V (Fig. 18) . A type II hetero-junction gFET [9] provides an effective tunneling band gap (E geff ) lower than the E g of both materials (Fig. 19, 20) . Materials A and B can be simply strained Si thin film on Ge for N-gFET with theoretical E geff of around 0.18eV (Fig. 21) , suitable for 0.1V gFET. Strained Ge on Si is attractive for P-gFET. A and B can be compound semiconductors such as InAs on AlGaSb with E geff adjustable through the Ga/Sb ratio (Fig. 22) . The low density-of-states and strong quantization of low effective-mass materials pose a serious challenge to gFET design. Conclusion Carefully designed tunneling green transistors can potentially enable 0.1V ICs. Sub-60mV/dec subthreshold swing has been demonstrated on 8'' wafers with statistical data. High current and low voltage operation needs small effective band gap energy which may be provided by type II heterojunctions of Si/Ge or compound semiconductors. gFET in Fig. 5 is insensitive to gate length variations (Fig. 23) because the tunnel path is enclosed in the source and shielded from the influence of the drain. Ref.
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